The current load not only easily induces the electromigration effect and thermal strain, but also destroys the effectiveness of solders. As of now, temperature and phase transformation problems caused by the high current load have still not been discussed. This study investigates the structural characteristics of the Sn-9Zn-1Ag alloy under an electrical current test and heat-treatment. The results indicate that the Ag existed mostly in Ag-Zn compounds, and the Zn concentration in the Ag-Zn compounds was higher than in the needle-like Zn-rich phase and Sn-Zn eutectic phase. The Sn-9Zn-1Ag alloy had no transformation during oil heat-treatment, while the structure underwent phase transformation under electrical current testing. After current testing, the needle-like Zn-rich phases had decomposed into finer particle-like features, the Ag-Zn compounds had grown and the Sn-Zn eutectic phases had increased, and the content of Sn-rich phase had decreased. Meanwhile, the current effect also caused the content of Sn to increase but Zn and O both decreased for the Zn-rich (SZO) phases in the relative composition.
Introduction
The Sn-Zn eutectic alloy has recently been considered as a candidate for a lead-free solder material because of its low melting point (198 C) , excellent mechanical properties and low cost. 1, 2) Following the size decrease of electrical packaging elements and an increase in usage efficiency, the electrical current in the unit area of the solders has been raised. For the current effect, a vacancy is induced by electromigration, the intermetallic compounds (IMC) grow unusually, [3] [4] [5] and the temperature is raised by the thermoelectric effect, 6) all of which may cause failure of the solders. Also, one related study 7) has revealed that the solders experience strain under a low current density. However, it didn't discuss the strain mechanism of the solders under the thermoelectric effect. From the above, it can be inferred that the electrical current inducing the strain or the phase transformation must be one reason for the failure of solders. Many studies have discussed the electromigration (EM) mechanism in lead-free solders, [8] [9] [10] however, the thermoelectric effects of the microstructure have not yet been examined. Owing to the phase transformation being closely related to the solder interface characteristics and the solder joint reliability, this study uses the Sn-9Zn-1Ag alloy to investigate the structure transformation during a thermoelectric test.
Experimental Procedure
Master alloy of near-eutectic Sn-9Zn-1Ag alloy was prepared by melting pure tin, pure zinc and pure silver in a high-frequency induction furnace. The alloy ingots were then remelted and cast into a Y-shaped graphite mold. In order to collect the electrical current test data, rectangular specimens (gauge length section: 20 mm Â 5 mm Â 0:8 mm) were also prepared. Direct current (DC) was selected and the electron flow was chosen to be from cathode to anode. A schematic illustration of the specimens for the electrical current test is shown in Fig. 1 .
The electrical current tests were performed on high electrical current apparatus with one programmable logic controller (PLC) analyzer. The PLC analyzer featured a precision current control system allowing it to control the rate of current intensity (charge density) or voltage in unit time. The current value was varied from 50-75 A and the current time was controlled at 4-8 s. Before and after the current testing, the microstructures of the alloy were determined quantitatively using an image analyzer and X-ray diffraction. The Cu-K standard ( ¼ 1:5403 nm) was used for X-ray diffraction. The scanning angle was varied from 36 to 46 and the scanning velocity was 0.5 Ámin À1 . In order to understand the difference in chemical composition of the matrices during current testing, the structures of the affected regions were also examined using EPMA/EDS. In addition, a comparison was performed between the electrical current specimens and the oil heat-treatment specimens with an appropriate analysis method. Figure 2 shows the microstructure of the Sn-9Zn-1Ag alloy. Needle-like Zn-rich phases, particle-like Sn-Zn eutectic phases and island-like Ag-Zn compounds are in the matrix. A previous study of Sn-9Z-xAg (x ¼ 0{3:5 wt.%) alloys 1) revealed that Ag-Zn compounds increased and richZn phases decreased with increasing the Ag content. In addition, the Sn-9Z-1Ag possessed a greater fusion direct * Corresponding author, E-mail: fyhung@mail.mse.ncku.edu.tw current (DC) value than the other specimens (not given here). So, this study used the Sn-9Zn-1Ag alloy to discuss the phase transformation under a direct current (DC) test with 50 amperes (the alloy didn't undergo the current fusion). The experimental results reveal that the microstructure underwent a phase transformation at the 8 s mark (see Fig. 3 , during the current test, the surface temperature of the solder alloy was about 120 C). Comparing Fig. 3(a) with Fig. 3(b) , the needle-like Zn-rich phases have decomposed into finer particle-like features, the Ag-Zn compounds have grown, and the Sn-Zn eutectic areas have increased after the current test. In order to understand these differences in microstructural composition, X-ray diffraction was performed. Figure 4 shows the X-ray diffraction patterns of the Sn9Zn-1Ag alloy under a short duration current test. In Fig. 4 , we see that the content of Ag-Zn compounds has increased after the current test, while the content of rich-Zn phase has decreased (the difference is Zn(101), 2 ¼ 43:2
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). Also, it should be noted that the content of Sn tended to decrease during this short duration current test (see Sn(220), 2 ¼ 43:8
). Moreover, both the conditions of forced aircooling and raising the direct current value (50 A ! 60 A; 75 A) were used in the X-ray diffraction for a long duration current test of the Sn-9Zn-1Ag alloy (prolonging current time: 8 s ! 300 s). The XRD patterns of this long duration electrical current test are shown in Fig. 5 . Notably, the microstructural transformations of Electrical Current Phase Transformation of Sn-9Zn-1Ag Alloyof Fig. 4 . According to the data from Figs. 3-5, the Zn-rich phase transformed from needle-like to particle-like during the current tests. Meanwhile, the Ag-Zn compounds and the Sn-Zn eutectic phases increased, while the amounts of Snrich phase became lower. To understand the thermal effect, the Sn-9Zn-1Ag alloy was also selected to perform oil heattreatments. Figure 6 shows the microstructures of the Sn-9Zn-1Ag alloy after the oil heat-treatments. Comparing Fig. 6 with the as-cast specimen (see Fig. 2 ), the microstructure of the alloy did not change obviously at 130 C for 300 s (see Fig. 6(a) ). Even when the temperature was increased to 180 C and held at 600 s, the microstructure still showed no phase transformation (see Fig. 6(b) ). This evidence also indicates that the current phase transformation mechanism is not only induced by the thermal effect. The current effect is an important element during the phase transformation of this system.
Backscattering electron images (EPMA) of the Sn-9Zn-1Ag alloy after electrical current testing are shown in Fig. 7 . The results indicate that the Ag existed mostly in Ag-Zn compounds, and the Zn concentration of Ag-Zn compounds was higher than the needle-like Zn-rich phase or Sn-Zn eutectic phase. This study avoided the effect of Ag-Zn compounds by selecting the Sn-9Zn eutectic alloy to perform the current test. The results also reveal that the morphology of the needle-like Zn-rich phase still transformed from needle-like to particle-like under current testing (see Fig. 8 , the particle-like phase was a Sn-Zn eutectic phase). Regardless of the Ag content in the Sn-9Zn-Ag alloy, variations in the amounts of Ag-Zn compound and Zn-rich phase were closely related to the current test. Clearly, the electromigration (EM) is an important factor affecting microstructure changes. A previous report 9, 10) revealed that the compositional gradient was the main reason for EM in lead-free solders. In general, the primary EM effect caused the growth of the intermetallic compounds (IMC) and the variation of other phase contents at appropriate current density. Remarkably, the microstructure of the solder alloy used in this study was affected by the electrical current. Take Sn/Ag for example. 10) Before the Sn/Ag couples occurred EM behavior, the couples must have previously annealed at 120-160 C. However, this study found the surface temperature of the Sn-Zn-Ag solder alloy was about 120 C during the current test. It can be inferred that this present experiment possessed thermoelectric effects (annealing and electric current).
Additionally, the EDS analysis of Zn-rich phase (from needle-like to particle-like) of the Sn-9Zn-1Ag alloy in Fig. 3 during electrical current testing is shown in Fig. 9 and Table 1 . Evidence reveals that the current effect caused the content of Sn to increase, while Zn and O decreased in the Zn-rich phases in the relative composition. According to Fig. 9 and Table 1 , it is safe to say that the Zn-rich phase is a Sn-Zn-O (SZO) phase. A relevant study 11) revealed that Sn9Zn is eutectic composed. Comparing with the data in Table 1 , it can be seen that the SZO phase is composed of hypereutectic phase. However, this hypereutectic phase (needle-like) possessed a higher compositional gradient than near-matrix region. Under current testing, the Zn diffused into the near-matrix region and caused needle-like Zn-rich phase to decompose into finer particle-like features. Notably, the number of Zn atoms was similar to that of O atoms in the SZO phase (see Table 1 , even after the electrical current test, the number of Zn atoms and O atoms were still similar). According to the Gibbs free energy 12) of Sn, Zn and O, most of the O atoms and Zn atoms reacted to form the ZnO. By the thermoelectric effect (heat and EM effect), the ZnO diffuseed into tin matrix and then increased the content of Sn-Zn eutectic phase. So, the mechanism of electrical current on the microstructure change of Zn-rich phase probably involves both electromigration and enhanced diffusion.
Conclusion
(1) For Sn-9Zn-1Ag alloy, the Ag existed mostly in AgZn compounds. In addition, the Ag-Zn compounds possessed a greater Zn content and the needle-like Znrich phase and Sn-Zn eutectic phase were lower. The microstructure underwent no transformation during heat-treatment, but a phase transformation was induced during an electrical current test. (2) After current testing, the needle-like Zn-rich phases (SZO phase) had transformed into finer particles and had caused the Sn, Zn and O contents to vary significantly in their relative compositions. The current effect also caused the following variations: Ag-Zn compounds grew, Sn-Zn eutectic phase increased, and Sn-rich phase decreased. 
